Prior research on underrepresentation of women in physics has focused on gender differences in various attitudes and beliefs students have with regards to physics. One open area of investigation pertains to the foundations of students' identities in physics, which can be a particularly powerful driver of career decisions. We present an investigation involving approximately 500 students in introductory level calculus-based physics courses, a context in which less than one third of the students are women. Students completed a motivation survey at the end of their first semester's physics course. We used Structural Equation Modeling (SEM) to test a modified physics identity framework, specifically examining whether the relation between gender and physics identity was mediated by motivational factors such as self-efficacy, interest, and perceived recognition. The results showed that students perceived recognition was a particularly important factor influencing self-efficacy and interest, which in turn mediated the relation between gender and physics identity.
I. INTRODUCTION
Among the natural sciences, physics has shown the slowest progress in increasing the representation of women compared to other disciplines such as biology and chemistry [1] [2] [3] [4] . Several interventions have been proposed to address the issue of low representation of women in physics including developing better pedagogical methods [5] , improving the efficacy of physics teaching by making the curriculum relevant to all students [6] , and investigating and improving students' motivational characteristics in the physics classroom [5] [6] [7] [8] [9] .
In explaining participation in STEM careers, identity has been argued to be a particularly important motivational construct [10] . There are many forms of identity, but most relevant here is identifying with an academic domain, such as physics: students' views about whether they see themselves as a "physics person" [9] [10] [11] [12] [13] [14] [15] [16] . Physics identity, which can shape and be shaped by students' learning experiences and classroom interactions, has been shown to predict students' career choices and outcome expectations [9] [10] [11] [12] [13] [14] [15] [16] . Prior studies investigating students' physics identity indicate clear gender differences showing that male students are more likely to see themselves as a physics person [9] , which may partially explain the gender differences to major in physics and career aspirations in physics-related fields [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Therefore, investigating the factors that influence physics identity may play an important role in understanding women's underrepresentation and their underperformance in introductory physics courses. Although there are several studies and frameworks regarding the nature of science identity generally [11] [12] [13] [14] [15] , additional work is required to understand the motivational factors that influence women's physics identity.
We build on prior work by Hazari and colleagues in which they developed a framework for physics identity in high school by adapting the well-known science identity framework of Johnson et al. [11] . Previous studies have focused on documenting gender differences in some of the motivational factors related to physics identity such as interest in physics, beliefs about conceptual understanding of physics and performance, and perceived recognition by others [12, 13] . However, it is not clear from the prior work to what extent these factors relate to and interact with each other and gender in calculus-based physics courses since the context of the course can be important for the relationships between these factors.
To investigate these questions, we examined students' physics identities as well as the hypothesized underlying motivational constructs within the physics identity framework. Specifically, we focused on the college-level calculus-based introductory physics courses at a large staterelated research university. Students in these classes are generally physical science or engineering majors and they are typically first year students, so this study allows us to understand their motivational characteristics early in their academic program. Typical for courses aimed at such majors, female students in calculus-based physics courses comprise approximately 30% of the class. Gendered beliefs, biases, and discrimination can negatively impact women and act as a stereotype threat against them, constraining their performance in the field. In particular, women may fear confirming the negative stereotypical beliefs about their gender in physics if they perform poorly and their anxiety can increase [22] [23] [24] [25] .
Underlying these macro-level factors (e.g., gender biases, traditional gender roles, discrimination against women), students' motivational attitudes and beliefs, which are shaped by biases and discrimination, can at least partly provide a mechanistic explanation for women's underrepresentation in STEM disciplines. Several studies in physics education have focused on students' motivational characteristics (e.g., factors such as students' interest in and value of science, beliefs about their competence, intelligence mindset views, sense of belonging and identity formation) [9, [26] [27] [28] . Individual variation in these factors can impact students' learning, persistence in degree attainments, and professional career choices [28] [29] [30] [31] [32] [33] . While having positive attitudes can lead to better grades on exams [33] or higher rates of retention in challenging domains [7] , negative attitudes in a domain, such as low self-confidence or not feeling recognized, can lower interest, increase anxiety, and lead to disengagement from class participation [34] .
Our research methodology uses quantitative methods to explore the relations between motivational factors and whether they mediate the relation between gender and physics identity. As part of this analysis, we administered a physics related motivational beliefs and attitudes survey at the end of the first physics course, a point at which students have revised their attitudes towards physics based on their first university-level experience and is also the point at which they are less likely to continue in physical sciences and engineering (i.e., it is a very consequential moment) [35] .
II. THEORETICAL BACKGROUND
In physics, researchers have developed and validated various instruments to assess students' motivational beliefs and attitudes about learning (e.g., CLASS, MPEX) [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . Investigating students' motivation in physics can provide researchers information about how students engage (or not) in learning activities and why some students persist while others do not in physics courses. Although there are several studies of gender differences in students' competency belief (or self-efficacy) [7, 8, [39] [40] [41] [42] [43] and interest [8, 39, 45] in physics, there are relatively few studies on gender differences in other motivational constructs such as identity, which likely plays a central role in students' retention in physics [11] . Further, prior work has investigated some of these motivational factors separately, but it is not known how they relate to each other and which of them has the strongest relation to students' physics identities, which is central to thriving in a discipline.
A. Prior relevant research on identity
Gee's seminal framework describes identity as "the 'kind of person' one is seeking to be and enact in here and now" [50] . As an example, a physics person typically associates their physics identity with being good at physics and math or enjoying solving physics problems, which often involves applying mathematical concepts in diverse physical situations. Identity therefore is hypothesized to be influenced by motivational characteristics which can change over time with individuals' in-class and out-of-class experiences and interactions with peers, teaching assistants, and instructors in different circumstances and learning environments [11] [12] [13] [14] [15] [16] .
One critical question is: which motivational beliefs are central to an individual adopting a science identity [51] [52] ? Carlone and Johnson's science identity framework [10] includes three interrelated dimensions: competence ("I think I can"), performance ("I am able to do"), and recognition ("I am recognized by others"). They tested their science identity framework through ethnographic study to understand the science experiences of successful women in science.
Hazari et al. modified the framework by adapting it to physics specifically rather than science more generally [11] . Hazari et al.'s physics identity framework hinges on four factors: students' interest, beliefs about their competence and performance, and their views on being recognized by others [11] . Those four dimensions of the physics identity framework together make up students' "internalized" identities. Past studies have focused on the impact of physics identities on students' physics-related career choices and gender differences in high-school [11] [12] [13] [14] [15] [16] . Since physics identities are influential in students' career choices and trajectories in physics-related fields, understanding how students' classroom experiences impact the motivational factors that form physics identity is vital. Below, we describe our modified framework based on these foundational theories and discuss its implications for female and male introductory physics students' physics identity.
B. Theoretical model of physics identity
We build on Hazari et al.'s physics identity framework [11] . Based on Hazari et al.'s prior empirical work showing that survey measures of performance (i.e., belief in one's ability to perform required physics tasks) and competence (i.e., belief in ability to understand physics content) did not load onto two separate factors we treat these factors as a single latent variable [53] . To describe this variable we use the more broadly-used motivational construct of selfefficacy. Self-efficacy is defined as students' beliefs in their capability to succeed in a certain situation, task, or domain [54] . Self-efficacy has been a central focus in many educational studies and predicts students' performance even after controlling for their prior knowledge [55] [56] [57] [58] . Equally importantly, recent studies in self-efficacy have shown large gender differences in physics (i.e., female students with lower self-efficacy than male students) [7, 8, [39] [40] [41] [42] . The gender gap in self-efficacy also exists when comparing similarly performing female and male students [43, 44] . These alarming trends show that female students feel less competent in physics than male students regardless of their actual performance.
The second factor hypothesized to influence physics identity is interest [59] [60] [61] [62] [63] [64] . Interest is also well paired theoretically with self-efficacy dimensions as connected constructs that predict students' academic outcome expectations and career aspirations within Expectancy-Value Theory [59] . As the third and final factor of physics identity, we investigate the recognition by others. Similar to Hazari et al. [11] , we use the construct of "perceived recognition," which refers to students' perception about whether others see them as a physics person or not.
In this framework, recognition may be a particularly important driver of both identity and of self-efficacy: students' classroom experiences and interactions with instructors, course assistants and peers (which shape their perception of recognition) can in turn impact their selfefficacy to achieve and shape their class participation. In general, the motivational factors that comprise physics identity relate to and can interact with each other in meaningful ways. However, it is not clear which directions of influence are strongest and which act as pre-cursors of the others.
Based upon Bandura's theory, we test the effect of perceived recognition on self-efficacy [54] . In other words, we hypothesize that these motivational factors are intimately intertwined in that recognition by others has an effect on the other two factors, self-efficacy and interest, which have an impact on identity. We propose that these beliefs are particularly important for a domain such as physics that has strong socio-cultural biases, e.g., pertaining to a field consisting of brilliant men, and not feeling recognized might have strong effects on one's views of self-competence and interest. We also note that if we find that recognition by others or lack thereof mediates self-efficacy and interest, it may be possible to change the patterns of recognition by instructors and mentors via appropriate professional development activities.
The research reported here was conducted in the context of introductory level calculus-based physics courses. We use the Structural Equation Modeling (SEM) method to investigate the origins of gender differences in identity in calculus-based introductory physics classes in which women are underrepresented. In other words, the identity framework was used to directly test the underlying relationship of gender to identity components through a mediation model.
II. METHODOLOGY
For the current study, a validated survey covering the components of the theoretical framework was administered to 559 students at the end of the semester of a calculus-based physics course. Students were enrolled in one of four different sections of introductory calculus-based physics, which is generally taken by engineering and physical science students in their first year of undergraduate studies. The university provided students' demographic information such as age, gender, ethnic/racial, and academic major information as part of a larger research study using an honest broker process. Therefore, the researchers only had access to the demographic data in this de-identified form. Note that, the gender data provided by the university records included only binary options given as "female" or "male". We understand that gender identity is a socio-cultural and nonbinary construct and can be described by multi-level categories, but here we are limited by our binary gender dataset for this study. Of the survey participants, 33% were female, and 67% were male students; one student did not have a reported gender status and was excluded from further analysis. In terms of ethnic/racial distribution, students were 77% White, 11% Asian, 4% Hispanic, 3% Black, 4% Multiracial and 1% Other. Also, 61% of students were in an engineering track and 39% of students were majoring in the physical sciences.
We used the validated motivational surveys of identity, perceived recognition, self-efficacy, and interest based on prior instruments related to students' motivational characteristics associated with physics [8] . The scales for survey questions were adapted from existing motivational research in physics which was discussed in detail in our prior works [8, 39] , and the validity of several of the scales examined here were reported in our previous work [8] . The prior survey validation and refinement work involved iterative use of Exploratory Factor Analysis (EFA) and oneon-one student interviews both with introductory physics and graduate level students [8, 39, 43] . Additionally, we checked the inter-reliability for the added identity items. Cronbach's alpha is a measure of internal consistency of a set of items in a measurement scale and is considered adequate when greater than 0.70. The perceived recognition aspect of the theoretical framework relates to students' perception of how others view them as a "physics person". The survey included three separate items (Cronbach's alpha = 0.86) for family, friends, TA/instructors, respectively (items such as "My family sees me as a physics person", "My friends see me as a physics person", "My physics instructor and/or TA see me as a physics person").
Each of the identity and perceived recognition items involved a four-point Likert response on the scale: Strongly Disagree, Disagree, Agree, and Strongly Agree. "I see myself as a physics person" constitutes the core internal physics identity construct and corresponds to students' beliefs and self-perception in how they designate themselves as a physics person [11] .
The self-efficacy component of our framework was captured by five self-efficacy items (Cronbach's alpha = 0.83) sampling different manifestations of perceived competence in academic physics (e.g., understanding and performing in various ways). The final construct in the framework is interest, which refers to positive affect towards doing physics-related activities and being curious about the physical world [64] and was measured with five items (Cronbach's alpha = 0.86). The question "In general, I find physics:" had response options "Very boring, boring, interesting, Very interesting" whereas the question "I wonder about how nature works" had temporal response options: "Never, Once a month, Once a week, Every day".
To examine whether there are gender differences in identity, we initially conducted MANOVA on students' identity, self-efficacy, interest, and recognition scores comparing female to male students. Simple Pearson correlations between constructs provided an initial validation of the proposed theoretical framework.
To provide quantitative validation test of the instruments /separability of the constructs in the current dataset, we performed a Confirmatory Factor Analysis (CFA) on identity and the identity components (perceived recognition, self-efficacy, and interest). To quantify the significance and relative strength of the hypothesized path links between gender, identity components, and physics identity with the survey data, we used Structural Equation Modeling (SEM), with a maximum likelihood estimation method vis-à-vis the lavaan package in R [65] [66] [67] . Simultaneously estimating all the model links within SEM (rather than separately with different regression models) increases the statistical power of the analysis and produces estimates for the strength of different paths within the model. We began with the saturated model and then created model variations by dropping connections or variables of low strength. In the final model, data from 517 students were included in the analysis because 7% of the initial population had some missing responses. Table I shows that female students had lower scale means on physics identity with a medium effect size [68] . On average, female students' responses were close to negative range (2 and below is negative; female students had an average of 2.1) on the scale whereas on average male student's responses were close to positive range (positive score starts at 3.0; male students had average of 2.6) on the scale provided. All three motivational factors also showed lower scores for female students with similar effect sizes. MANOVA Wilk's Lambda test showed significant gender differences with F (4, 542) = 16.70, p < 0.001.
III. RESULTS
The results of the SEM are presented visually in Figure  1 . The model fit indices suggest an excellent fit to the data (acceptable fit thresholds in parentheses): CFI = 0.942 (> 0.90), TLI = 0.927 (> 0.90), RMSEA = 0.075 (< 0.08) and SRMR = 0.046 (< 0.08). Figure 1 presents the standardized coefficients between each of the variables, and all were statistically significant. From a mediation perspective, it is noteworthy that when all of the predictor variables are entered in the model, the model fit with the gender variable connected directly to the physics identity gives poor fit parameters (RMSEA = 0.11 > 0.08). That is, the relation between gender and physics identity (physics person) is mediated by the intervening variables that are given in our theoretical framework; female students appear to have a lower physics identity because they have lower levels of physics perceived recognition and interest which in turn strongly drive self-efficacy, which together with perceived recognition and interest strongly drive physics identity. 
IV. SUMMARY
Using SEM, we investigated the role that motivational characteristics play in forming physics identities for male and female students in the calculus-based introductory physics classes that are recognized as gateway courses in college for physical science and engineering STEM majors and careers. One of the results is the strong effect of perceived recognition in students' other motivational beliefs (i.e., self-efficacy, interest, and identity). These results are consistent with Bandura's theory that social/verbal encouragement from others (perceived recognition) can influence self-efficacy beliefs [54] and Hidi and Renninger's interest and identity model [61] . Furthermore, students' perceived recognition exhibited a large gender gap and women' perceived recognition scores corresponded to negative attitude (i.e., women mostly disagree that others recognized them as a physics person).
These results suggest that enhancing inclusivity in the physics community and other male-dominated STEM fields can improve women's disciplinary identity and may yield benefits to women in these disciplines. Therefore, the issue surrounding the lack of diversity in physics and other science and engineering fields needs urgent action from educational researchers, practitioners, and policymakers. In this regard, fostering women's discipline-based identities in STEM can help increase the retention and advancement of talented and competent women in the STEM disciplines. These results highlight the need for improving physics learning environments. 
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